Genetic analyses in both worm and fly have identified the RhoGAP-like protein Syd-1 as a key positive regulator of presynaptic assembly. In worm, loss of syd-1 can be fully rescued by overexpressing wild-type Liprin-␣, suggesting that the primary function of Syd-1 in this process is to recruit Liprin-␣. We show that loss of syd-1 from Drosophila R7 photoreceptors causes two morphological defects that occur at distinct developmental time points. First, syd-1 mutant R7 axons often fail to form terminal boutons in their normal M6 target layer. Later, those mutant axons that do contact M6 often project thin extensions beyond it. We find that the earlier defect coincides with a failure to localize synaptic vesicles, suggesting that it reflects a failure in presynaptic assembly. We then analyze the relationship between syd-1 and Liprin-␣ in R7s. We find that loss of Liprin-␣ causes a stronger early R7 defect and provide a possible explanation for this disparity: we show that Liprin-␣ promotes Kinesin-3/Unc-104/Imac-mediated axon transport independently of Syd-1 and that Kinesin-3/Unc-104/Imac is required for normal R7 bouton formation. Unlike loss of syd-1, loss of Liprin-␣ does not cause late R7 extensions. We show that overexpressing Liprin-␣ partly rescues the early but not the late syd-1 mutant R7 defect. We therefore conclude that the two defects are caused by distinct molecular mechanisms. We find that Trio overexpression rescues both syd-1 defects and that trio and syd-1 have similar loss-and gain-of-function phenotypes, suggesting that the primary function of Syd-1 in R7s may be to promote Trio activity.
Introduction
Synapse development is initiated by adhesion molecules that recruit presynaptic and postsynaptic components to the site of contact. The RhoGAP-like protein Syd-1 is among the earliest such components to be recruited presynaptically, and its loss disrupts the localization of multiple presynaptic proteins, including the scaffold Liprin-␣ (Hallam et al., 2002; Dai et al., 2006; Patel et al., 2006; Owald et al., 2010 Owald et al., , 2012 . In worm, loss of syd-1 is rescued by overexpressing Liprin-␣, suggesting that the primary function of Syd-1 may be to recruit or potentiate Liprin-␣ activity (Dai et al., 2006; Patel et al., 2006; Patel and Shen, 2009) .
The R7 photoreceptor neurons in the Drosophila eye provide a genetically tractable system in which to study presynaptic development. Wild-type R7s extend their axons to the medulla, in which they eventually form presynaptic boutons in layer M6 . The best-studied synapses are those between motor neurons and muscle. Less is known about how neurons such as R7s form synapses onto other neurons. At both fly neuromuscular junction (NMJ) and in R7s, presynaptic development requires the LAR receptor phosphatase Maurel-Zaffran et al., 2001; Kaufmann et al., 2002) , its binding partners Liprin-␣ (Kaufmann et al., 2002; Hofmeyer et al., 2006) and Liprin-␤ (Astigarraga et al., 2010) , and the guanine exchange factor (GEF) Trio (Astigarraga et al., 2010; Ball et al., 2010) . However, the two systems use somewhat different molecular mechanisms (Hofmeyer and Treisman, 2009; Astigarraga et al., 2010) , highlighting the importance of studying multiple synapse types. Disrupting members of the LAR/Liprin/Trio pathway in R7s causes two distinct phenotypes. (1) Loss of LAR or Liprin-␣ prevents R7 terminals from maintaining contact with M6, causing many axons instead to terminate in the M3-M5 layers Maurel-Zaffran et al., 2001; Choe et al., 2006; Hofmeyer et al., 2006) ; late loss of the homophilic adhesion molecule N-cadherin (Ncad) also causes this phenotype Nern et al., 2005; . (2) In contrast, loss of Liprin-␤ or Trio causes R7 terminals to extend beyond M6 (Astigarraga et al., 2010) . Despite this dichotomy, overexpressing Trio in R7s rescues loss of LAR, Liprin-␣, or Liprin-␤ (Maurel-Zaffran et al., 2001; Astigarraga et al., 2010) , suggesting that Trio acts downstream of these genes and that the two R7 phenotypes might simply be different manifestations of the same underlying defect: a destabilized interaction with M6 (Astigarraga et al., 2010) .
However, here we show that loss of syd-1 causes both R7 defects and that the two defects occur at separate developmental time points. The earlier failure to contact M6 correlates with a failure to localize synaptic vesicles (SVs) and can be partially rescued by Liprin-␣ overexpression, suggesting that part of the early role of Syd-1 is to promote presynaptic assembly by positively regulating Liprin-␣. The later projection of extensions is not ameliorated by either Liprin-␣ or Liprin-␤ overexpression.
However, Trio overexpression rescues both syd-1 mutant R7 defects, suggesting that the primary function of Syd-1 during both phases of R7 terminal development is to potentiate Trio activity.
Materials and Methods
Genetics. Individual homozygous R7s were generated and labeled using GMR-FLP and mosaic analysis with a repressible cell marker (MARCM) (Lee and Luo, 1999; ; homozygous cells expressed either UAS-Synaptotagmin (Syt)-GFP or UAS-mito-GFP under the control of actin (act)-Gal4 (flies containing the UAS constructs and act-Gal4 were obtained from the Bloomington Drosophila Stock Center). In each rescue experiment, the UAS construct to be tested was also present. Wholly homozygous retinas were generated using ey3.5-FLP (from Iris Salecker, Medical Research Council, London, UK) and techniques described in Stowers and Schwarz (1999) . The animal in Figure 2 , F and FЈ, is of genotype norpA 36 /Y; UAS-mito-GFP; PANR7-Gal4. Mito-GFP was similarly enriched within the R7 terminals of wild-type animals of genotype UAS-mito-GFP; PANR7-Gal4.
The syd-1 w46 allele was induced by ethylmethane sulfonate mutagenesis of a wild-type FRT82 chromosome and was mapped relative to DNA sequence polymorphisms between the FRT82 and rucuca chromosomes using meiotic recombination (Berger et al., 2001 ). The syd-1 CD allele was generated by FLP-induced recombination between the FRTcontaining piggyBac insertions PBac{WH}ferrochelatase f02660 and PBac{WH}RhoGAP100F f04641 (Parks et al., 2004) . The following mutations were also used: Liprin-␣ oos (Hofmeyer et al., 2006) , Liprin-␣ R60 (Kaufmann et al., 2002) , trio 1 and trio 3 (Newsome et al., 2000) , LAR 2127 (Maurel-Zaffran et al., 2001) , imac 170 (Pack-Chung et al., 2007) , sev V1 (Mullins and Rubin, 1991) , and norpA 36 (McKay et al., 1995; RiesgoEscovar et al., 1995; Pearn et al., 1996) . All animals used were raised at 25°C. All norpA and sev mutant animals analyzed were male; the developmental time course (see Fig. 5 ) and axon transport (see Fig. 4 ) analyses were performed with a mixture of males and females; all other experiments were performed with females.
Transgenes. The incomplete fly syd-1 cDNA clone LD28013, the only one available at the time, was obtained from the Drosophila Genomics Resource Center and subcloned into the pGEM vector. The predicted missing 5Ј region was amplified in several pieces from larval RNA by RT-PCR and appended to the incomplete cDNA. We were unable to amplify the first exon as predicted at the time and therefore synthesized the corresponding DNA sequence to complete our construction. This prediction has subsequently turned out to be incorrect: the N-terminal amino acid sequence MTVQPAEMA, encoded by our syd-1 cDNA, is not found within any of the currently predicted Syd-1 isoforms. The remainder of our syd-1 cDNA encodes the Syd-1 C isoform, whose N terminus, however, contains the amino acid sequence MCDSATTGCFLTRSSHR in place of our incorrect N-terminal sequence. We removed the stop codon from our assembled syd-1 cDNA and subcloned it into a UAST vector containing a C-terminal FLAG tag. The final UAS-syd-1-FLAG construct was sequenced to ensure that it contained no mutations and, as shown in Figure 2 , E and F, does fully rescue the syd-1 mutant R7 defect.
In addition to the transgenes used in the GMR-FLP/MARCM experiments (mentioned above), we also used the following: UAS-trio (Bloomington Drosophila Stock Center), UAS-HA-Liprin-␣ (Hofmeyer et al., 2006) , UAS-HA-Liprin-␤ (Astigarraga et al., 2010) , UAS-ANF-GFP (Rao et al., 2001 ), PANR7-Gal4 (Wernet et al., 2006 ), UAS-N-synaptobrevin-GFP (Zhang et al., 2002 ), D42-Gal4 (Yeh et al., 1995 ), and OK371-Gal4 (Mahr and Aberle, 2006 .
Image acquisition and analysis: R7s. Brains were dissected, fixed, and stained as described previously (Miller et al., 2008) . The localization of Syt-GFP and Mito-GFP in R7s was analyzed in adults Յ12 h after eclosion; each marker is more diffusely distributed in R7 axons of adults that are older than 1 d old (data not shown). We used the following antibodies: mouse anti-Chaoptin (24B10; 1:200) from the Developmental Studies Hybridoma Bank and rabbit anti-GFP (1:5000), anti-rabbit Alexa Fluor-488 (1:250), and anti-mouse Alexa Fluor-555 (1:250) from Invitrogen. Confocal images were collected on a Leica SP2 microscope and analyzed with Leica or Fiji software (http://fiji.sc/Fiji; Schindelin et al., 2012). All quantifications were performed blind. The "% R7s that fail to contact M6" ϭ 100 ϫ (homozygous R7s that fail to contact M6)/(all homozygous R7s). The "% R7s with extensions" ϭ 100 ϫ (homozygous R7s with extensions)/(all homozygous R7s). The "% of total extensions" ϭ 100 ϫ (homozygous R7s with extensions in the specified orientation)/(all homozygous R7s with extensions mutant R7s with extensions in each otherwise wild-type brain). We quantified the total percentages of stops and extensions for each sev V1 brain separately (see Fig. 2 E,F; n ϭ 97) but chose to bin multiple sev V1 brains together for the purpose of quantifying extension orientation (see Fig. 5G ; n ϭ 7). The binning was random: when the sev V1 brains were originally imaged, the data happened to be stored in seven separate folders; we simply binned together data within each folder. t tests were performed (one tailed for rescue experiments and for comparisons between wild type and mutant; two tailed for all other comparisons), and the resulting p values are provided.
Image acquisition and analysis: larval motor axons. Time-lapse imaging was performed in the laboratory of William Saxton at the University of California, Santa Cruz (Santa Cruz, CA). Wandering third-instar larvae were anesthetized as described by Moua et al. (2011) . Imaging was initiated at 10 -15 min and terminated at 25-30 min after anesthesia. Images were collected at two frames per second using a PerkinElmer Life and Analytical Sciences Ultraview spinning-disk confocal microscope. Data analyzed were from larvae that recovered from anesthesia and moved normally for at least 2 h after being returned to culture. Because Liprin-␣ is on chromosome 2, we used D42-Gal4, a neuron driver on chromosome 3, to drive ANF-GFP expression in Liprin-␣ mutants. Analogously, because syd-1 is on chromosome 3, we used OK371-Gal4, a motor neuron driver on chromosome 2, to drive ANF-GFP expression in syd-1 mutants. Images were analyzed with Fiji software (http://fiji.sc/Fiji; Schindelin et al., 2012) . All quantifications were performed blind. Flux was calculated by analyzing the movements of fluorescent vesicles within a 20 m region for 200 frames. One-tailed t tests were performed, and the resulting p values are provided.
Results
Loss of syd-1 causes two defects in R7 axon terminal morphology To identify genes required for presynaptic development, we performed a genetic screen using mosaic animals whose R7 neurons were homozygous for randomly mutagenized chromosomes . We specifically sought mutations that, like loss of Ncad, LAR, or Liprin-␣, disrupted the ability of R7 axons to form terminal synaptic boutons in the M6 layer. We identified a single such mutation, w46, on chromosome 3R. Wild-type R7 axons terminate in ellipsoid boutons in the M6 layer of the medulla (Fig. 1A) . In contrast, most w46 mutant R7 axon terminals are reduced in size, and many fail to contact the M6 layer altogether (Fig. 1B) . In addition, we noticed that w46 mutant R7 terminals have a second phenotype, distinct from that caused by loss of Ncad, LAR, or Liprin-␣: many of the terminals that do contact M6 project thin extensions either beyond or within it (Fig. 1B) . These extensions vary in length and orientation, can branch, and often terminate in small, bouton-like varicosities. Mutations that cause R7s to adopt aspects of the R8 fate can cause their axons to lose contact with M6 (Morey et al., 2008) . However, we found that w46 mutant R7s express R7-specific and not R8-specific rhodopsins (data not shown), indicating that w46 does not cause this fate transformation and instead specifically disrupts the connectivity of R7 axons.
We mapped w46 by meiotic recombination to a small region that contains the fly homolog of the Caenorhabditis elegans gene syd-1 (Hallam et al., 2002) . We sequenced the syd-1 locus within the w46 mutant chromosome and found a single base-pair change within a 3Ј splice site consensus sequence adjacent to the exon that is predicted to encode part of the RhoGAP homology domain (Fig. 1D) . To test whether loss of syd-1 was responsible for all observed defects in w46 mutant R7 axon terminals, we caused the latter to express a wild-type Drosophila syd-1 transgene (for details, see Materials and Methods). We found that this fully restored the morphology of w46 mutant R7 terminals to wild type (Fig. 1C) . We conclude that syd-1 is required cell autonomously in R7s both to promote contact between their axon terminals and the M6 layer and to prevent the formation of extensions beyond that layer.
To test whether these phenotypes might be artifacts of creating individual syd-1 mutant R7s, we next wanted to examine whole animals lacking syd-1. To do so, we generated a second allele of syd-1 (which we refer to as syd-1 CD ) by inducing recombination between FRT-containing transposons flanking the syd-1 genomic region (Fig. 1D) Fig. 1E-G) . We conclude that these defects are independent of our method of creating clones. CD also removes most of a second gene, ferrochelatase, predicted to encode a mitochondrial enzyme required for the production of heme (Sellers et al., 1998) . Because both syd-1 CD homozygotes and mosaic animals with entirely syd-1 CD homozygous retinas die before adulthood even when provided with wild-type syd-1, we conclude that loss of ferrochelatase is lethal-at least in combination with loss of syd-1-and that some vital tissue in addition to retina is rendered homozygous in the mosaic animals. Nonetheless, we were able to create individual syd-1 CD mutant R7s and found that they have the same defects as those caused by syd-1 w46 : terminal boutons of reduced size in the M6 layer, failure to contact M6, and thin, sometimes branched, extensions that project beyond or within M6 ( Fig. 2A-C ). These defects are fully rescued by expression of a wild-type syd-1 transgene within the syd-1 CD mutant R7s (Fig.  2E ,F), indicating that none is caused by loss of ferrochelatase. However, the frequencies of the syd-1 CD R7 defects are slightly greater than that of syd-1 w46 (Fig. 2E, F) , indicating that the w46 allele is non-null.
We next compared the syd-1 CD R7 defect with that caused by loss of Liprin-␣ and noted two striking differences: (1) a significantly greater proportion of Liprin-␣ than syd-1 mutant R7 terminals fail to contact the M6 layer ( Fig. 2 D, E); and (2) consistent with previous reports (Astigarraga et al., 2010) , Liprin-␣ mutant R7s do not project extensions either beyond or within M6 (Fig.  2 D, F ). Such differences might theoretically be observed if more wild-type Syd-1 than Liprin-␣ protein were to perdure in the Figure 1 . syd-1 is required for normal R7 terminal bouton morphology. A-C, Medullas of adult mosaic animals in which R7s homozygous for the specified chromosome arms express Syt-GFP (green). All R7 and R8 axons are labeled with mAb24B10 (red). Scale bar, 5 m. A, Each wild-type (FRT82) R7 axon terminates at the M6 layer in an ellipsoidal bouton (arrows). B, syd-1 w46 mutant R7 axons often fail to contact the M6 layer (arrow). Those that do contact M6 have abnormally small terminal boutons (double arrowhead), which often project thin extensions, many of which terminate in varicosities (arrowheads). C, Expressing a syd-1 cDNA in syd-1 w46 mutant R7 axons rescues their morphological defects. D, Schematic representation of the syd-1 genomic region. The locations of the P elements used to create the syd-1 CD allele are indicated by green triangles. The locations of the ferrochelatase (FeCH ) and syd-1 exons are indicated by blue rectangles. The DNA sequence change in the syd-1 w46 allele is indicated (exon sequence is in blue and intron in black), as is the extent of the syd-1 CD deletion. E-G, Medullas of adult animals in which all R7 neurons are of the same genotype and are labeled with PANR7-Gal4, UAS-N-synaptobrevin-GFP (white). The PANR7 promoter drives such high levels of expression that, despite being fused to an SV protein, GFP labels the whole R7 axon. To test the relationship between Liprin-␣ and syd-1 further, we wanted to create Liprin-␣; syd-1 double-mutant R7s. Because Liprin-␣ and syd-1 are on different chromosomes, it is technically difficult to create individual double-mutant R7s. Wholly Liprin-␣; syd-1 double-mutant animals die as embryos (Owald et al., 2010) . We therefore set out to create mosaic animals whose entire retinas were doubly mutant. We found that retinas entirely homozygous for wild-type versions of both chromosome arms (FRT40; FRT82) are grossly normal, as are retinas doubly homozygous for either a Liprin-␣ mutation and a wild-type syd-1 chromosome arm (Liprin-␣ R60 , FRT40; FRT82) or a wild-type
Liprin-␣ chromosome arm and a syd-1 mutation (FRT40; FRT82, syd-1 w46 ). However, retinas doubly mutant for Liprin-␣ and syd-1 (Liprin-␣ R60 , FRT40; FRT82, syd-1 w46 ) are severely reduced in size, and the few remaining R neuron axons in the corresponding medullas are extremely disorganized (data not shown). We conclude that Liprin-␣ and syd-1 have redundant roles during retina development, and these earlier roles prevent us from determining whether Liprin-␣ and syd-1 might also have redundant roles in R7 axon terminal development. In the following sections, we describe additional approaches we took to examine the relationship between Liprin-␣ and Syd-1 during the development of R7 axon terminals. Removing adjacent R7s by means of a sev mutation has no effect on the frequency with which syd-1 CD mutant R7 terminals have extensions (22.5 Ϯ 2.19%; n ϭ 97 brains; p ϭ 0.73).
Unlike loss of
(for review, see Stryker and Johnson, 2007) . Liprin-␣ has also been shown to bind Kinesin motor proteins and thereby promote anterograde axon transport of SVs (Shin et al., 2003; Miller et al., 2005; Wagner et al., 2009) . We next wanted to test whether syd-1 might similarly be required for normal axon transport or whether Liprin-␣ instead functions independently of Syd-1 in this process. To do so, we examined movement of the dense-core vesicle marker ANF-GFP in larval motor neuron axons. ANF-GFP particles are large and easy to follow, and their transport has been shown previously to require Kinesin-3/Unc-104/Imac (Barkus et al., 2008) , a kinesin that Liprin-␣ has been shown to bind and regulate in worm (Wagner et al., 2009 ). We first tested our prediction that loss of Liprin-␣ would disrupt transport of ANF-GFP in Drosophila motor neuron axons. Indeed, we found that Liprin-␣ mutant animals have significantly fewer ANF-GFP particles moving in the anterograde direction (Fig. 3A) . In contrast, ANF-GFP movement in syd-1 mutant animals is indistinguishable from wild type (Fig. 3A) , suggesting that Liprin-␣ can promote axon transport independently of Syd-1.
This result suggested a possible explanation for one of the differences between the Liprin-␣ and syd-1 mutant R7 phenotypes. Because loss of Kinesin-3/Unc-104/Imac prevents presynaptic bouton development at fly NMJ (Pack-Chung et al., 2007) , we hypothesized that the Liprin-␣-specific defect in axon transport might contribute to the increased frequency with which Liprin-␣ mutant R7s fail to form boutons in M6. If so, we would predict that loss of Kinesin-3/Unc-104/Imac from R7s would disrupt the ability of R7s to form boutons in M6. Indeed, we found that individual imac mutant R7s often fail to contact M6 (Fig. 3 B, C) . We did not quantify this phenotype because imac mutant R7 axons frequently lack GFP, preventing us from unambiguously identifying them as such (Fig. 3C and data not shown).
Loss of syd-1 nonetheless disrupts the enrichment of SVs and mitochondria at R7 axon terminals In worm, both Liprin-␣ and syd-1 are required for clustering of SVs at en passant synapses (Zhen and Jin, 1999; Hallam et al., 2002; Dai et al., 2006; Patel et al., 2006) . To test whether Liprin-␣ and syd-1 are similarly required for SV clustering at R7 terminal synapses, we used the SV marker Syt-GFP. We found that, in newly eclosed wild-type adults, Syt-GFP predominantly localizes to the region of R7 axons that spans layers M4 -M6 of the medulla (Fig. 4 A, AЈ) ; a smaller amount localizes to the M1 region of the R7 axon. This pattern is consistent with the known locations of presynaptic sites within R7s , suggesting that Syt-GFP accurately reflects the localization of SVs. In contrast, even in syd-1 and Liprin-␣ mutant R7 axons that contact the M6 target layer, Syt-GFP accumulates in broadly distributed puncta (Fig. 4B-DЈ) . We conclude that, despite the difference between their effects on Kinesin-3/Unc-104/Imac-dependent axon transport [which includes transport of SVs (Pack-Chung et al., 2007; Barkus et al., 2008) ], syd-1 and Liprin-␣ are both required for clustering of SVs in R7 axon terminals.
In addition to active zone proteins and SVs, mitochondria are also enriched at presynaptic sites. We found that, like Syt-GFP, the mitochondrial marker Mito-GFP is enriched in wild-type R7 terminals (Fig. 4 E, EЈ) , suggesting that mitochondria are indeed associated with presynaptic sites in R7s. This association is independent of evoked synaptic activity, because Mito-GFP remains localized to the terminals of norpA mutant R7s, in which phototransduction is blocked (Fig. 4 F, FЈ ; Bloomquist et al., 1988; Pearn et al., 1996) . In contrast, even in syd-1 and Liprin-␣ mutant R7 axons that contact the M6 target layer, Mito-GFP is found in broadly distributed puncta (Fig. 4G-HЈ) . We conclude that syd-1 and Liprin-␣ are also required for the enrichment of mitochondria at R7 axon terminals. We note that the morphological defects of syd-1 and Liprin-␣ mutant R7 terminals are unlikely to be an indirect consequence of mitochondrial mislocalization: Miro mutant R7 axon terminals, which completely lack mitochondria (Guo et al., 2005) , have wild-type morphology (data not shown).
syd-1 mutant R7 terminals mislocalize SVs and lose contact with M6 during the first half of pupal development; only later do they project extensions To understand the relationships among the syd-1 mutant R7 defects, we next determined the time course of each. Decreased contact between R7 terminals and the M6 layer can be caused by Figure 3 . Loss of Liprin-␣ but not syd-1 significantly disrupts axon transport, which is required for R7 axons to retain contact with M6. A, The number of ANF-GFP-containing vesicles moving in the anterograde or retrograde direction within larval motor neurons of the indicated genotypes. Error bars represent SEM. In Liprin-␣ mutants, flux in the anterograde direction (9.48 Ϯ 2.46 vesicles per minute; n ϭ 5 larvae) is significantly different from that in the matched wild-type control (33.26 Ϯ 4.54; n ϭ 7 larvae; p ϭ 0.0011). Flux in the retrograde direction also appears to differ between Liprin-␣ mutants (4.80 Ϯ 0.66; n ϭ 5 larvae) and wild type (18.26 Ϯ 5.78; n ϭ 7 larvae), but this difference is only marginally significant ( p ϭ 0.041). In syd-1 mutants, flux in anterograde (41.52 Ϯ 3.78; n ϭ 5 larvae) and retrograde (16.92 Ϯ 3.42; n ϭ 5 larvae) directions is not significantly decreased compared with those in the matched wild-type control (anterograde, 47.85 Ϯ 10.7, n ϭ 4 larvae, p ϭ 0.28; retrograde, 19.2 Ϯ 6.1, n ϭ 4 larvae, p ϭ 0.38). B, C, Medullas of adult mosaic animals in which homozygous R7s express Mito-GFP (green). All R7 and R8 axons are labeled with mAb24B10 (red). Scale bar, 5 m. Unlike wild-type (FRT42) R7 axons (B), imac mutant R7 axons often fail to contact the M6 layer (C, arrow). Mito-GFP is frequently mislocalized in or absent from imac mutant R7 axons (C, arrowhead indicates an imac mutant R7 axon that forms a terminal bouton in M6 from which Mito-GFP is nonetheless excluded).
at least two different mechanisms: (1) Ncad mutant R7 axons often fail to reach the temporary target layer in the medulla to which R7 axons initially project, and they appear to have collapsed growth cones , whereas (2) LAR and Liprin-␣ mutant R7 axons initially reach the temporary target layer and only later lose contact with it Maurel-Zaffran et al., 2001; Hofmeyer et al., 2006) . To distinguish whether, like Liprin-␣, syd-1 is not required for R7 axons to initially reach their targets, we examined syd-1 mutant R7 axon terminals at 24 h after puparium formation (APF), a time point at which Ncad mutant R7s display a defect but LAR and Liprin-␣ mutant R7s do not Hofmeyer et al., 2006) . We found that wild-type and syd-1 mutant R7 axons are indistinguishable at this stage ( Fig. 5A-BЈ) , indicating that syd-1 is not required for R7 axons to reach their temporary target layer and does not affect the gross morphology of R7 terminals at this time point. In addition, the localization of Syt-GFP within wild-type and syd-1 mutant R7 axons at this time is indistinguishable: most Syt-GFP is in the axon terminals (Fig.  5A-BЈ) , suggesting that the later Syt-GFP puncta in syd-1 mutant R7 axons may reflect a defect in retaining Syt-GFP within these terminals.
We next examined syd-1 mutant R7 axon terminals at 55 h APF. Unlike wild-type R7 terminals at this stage (Fig. 5C,CЈ) , syd-1 mutant R7 terminals are abnormally small and often fail to contact the M6 layer, and Syt-GFP is mislocalized in broadly distributed puncta (Fig. 5 D, DЈ) . We conclude that, like Liprin-␣, syd-1 is required for the interaction between R7 terminals and their final target layer M6 and that both this interaction and the clustering of Syt-GFP at presynaptic sites within R7 terminals normally occur between 24 and 55 h APF.
By 55 h APF, the percentages of syd-1 w46 and syd-1 CD mutant R7 axons that fail to contact M6 are maximal (Fig. 5E) . However, syd-1 mutant R7 terminals do not project extensions at this time point (Fig. 5 D, DЈ,F ) . Instead, those syd-1 mutant terminals that do contact M6 terminate in smooth boutons of reduced size (Fig.  5 D, DЈ) . We conclude that (1) the extensions observed in adult occur at a later time point than the failure to contact M6 and the mislocalization of Syt-GFP, and (2) the extensions are formed by an active process rather than by a failure to retract or remodel growth cone filopodia. By 72 h APF, the percentage of syd-1 w46 mutant R7 terminals that have extensions is maximal and the percentage of syd-1 CD mutant R7 terminals with extensions is significantly greater than that in wild-type (Fig. 5F ). We conclude that the extension process is initiated between 55 and 72 h APF and note that the infrequent R7 extensions observed in wild type also appear during this period.
Previous work has shown that R7 axon terminals are mutually repulsive (Ashley and Katz, 1994; Ting et al., 2007) . We noticed that both wild-type and syd-1 mutant R7 terminals project extensions primarily in the forward orientation (i.e., beyond the M6 layer) rather than laterally (i.e., within or parallel to M6; Fig. 5G ). We therefore wondered whether these extensions were prevented from projecting laterally by repulsion from neighboring R7 terminals. To test this, we used a hypomorphic sev allele to eliminate most R7s (Mullins and Rubin, 1991) . We found that those isolated syd-1 mutant R7s that remain still fail to contact M6 (Fig.  2E ) and project extensions (Fig. 2F ) at the same frequencies and that the orientation of their extensions does not change (Fig. 5G) . We conclude that syd-1 mutant R7 extensions are unaffected by repulsion by neighboring R7 axons and instead have an intrinsic propensity to orient forward.
Overexpressing Liprin-␣ in syd-1 mutant R7s restores their contact with the M6 layer but does not prevent the formation of extensions; overexpressing Liprin-␤ has no effect on syd-1 mutant R7 terminals In worm, loss of syd-1 is fully rescued by Liprin-␣ overexpression, suggesting that the primary role of Syd-1 is to localize or otherwise activate Liprin-␣ (Dai et al., 2006; Patel et al., 2006; Patel and Shen, 2009) . To test whether the same might be true in R7s, we used the act promotor to overexpress Liprin-␣ in individual syd-1 CD mutant R7s (the same methodology that we used to show that Syd-1 fully rescues syd-1 CD mutant R7s). We found that Liprin-␣ All R7 and R8 axons are labeled with mAb24B10 (red). Scale bar, 5 m. In wild-type (FRT82) R7s, Syt-GFP is preferentially localized to the region of the axon that lies below the M3 layer (A, A), whereas in syd-1 w46 mutant R7 axons, Syt-GFP is more broadly distributed and punctate (B, B). Syt-GFP is similarly mislocalized in syd-1 CD mutant R7s (data not shown). C, C, Expressing a syd-1 cDNA in syd-1 mutant R7 axons results in normal localization of Syt-GFP. D, D, Syt-GFP is similarly mislocalized and punctate in Liprin-␣ mutant R7 axons. E-H, Medullas of adult mosaic animals in which homozygous R7s express Mito-GFP (green). All R7 and R8 axons are labeled with mAb24B10 (red). E, E, In wild-type (FRT82) R7s, Mito-GFP is preferentially localized to the region of the axon that lies below the M3 layer. F, F, Mito-GFP remains enriched at R7 terminals even when phototransduction is disrupted by loss of norpA. Note that all R7s in this animal lack norpA and express Mito-GFP (see Materials and Methods). In contrast, in both syd-1 (G, G) and Liprin-␣ (H, H) mutant R7 axons, Mito-GFP is broadly distributed and punctate. Expressing a syd-1 cDNA in syd-1 mutant R7 axons results in normal localization of Mito-GFP (data not shown).
overexpression significantly increases contact between syd-1 mutant R7 terminals and the M6 layer (the defect is reduced by 49%; Fig. 6 A, B,D) , indicating that increased Liprin-␣ can partially bypass the requirement for syd-1 during the early phase of R7 terminal development. However, Liprin-␣ overexpression has no effect on the later tendency of syd-1 mutant R7s to project extensions (Fig. 6 A, B,E) ; instead, the overall frequency of extensions is increased by the amount predicted given the larger proportion of terminals that contact M6 and therefore have the opportunity to extend within or beyond it. These results suggest that Syd-1 does not prevent extensions by localizing or otherwise activating Liprin-␣ and that therefore the early and late defects in syd-1 mutant R7 terminal morphology are caused by different molecular mechanisms.
Previous work has shown that a second Liprin protein, Liprin-␤, acts in parallel with Liprin-␣ in R7s ( , syd-1 mutant R7 terminals often fail to contact the R7 target layer (D, arrows), those that do contact M6 have smaller boutons than wild type, and Syt-GFP is mislocalized and punctate. However, neither wild-type nor syd-1 mutant R7 terminals have extensions at this time point. The asterisk in D indicates a syd-1 mutant R7 axon that appears to terminate in M1 but that in fact extends to M6 in focal planes not included in this image. E, The percentages of wild-type and syd-1 mutant R7 axons that fail to contact the R7 target layer at 24, 55, and 72 h APF and in adult. Error bars represent SEM. At 24 h APF, all wild-type and syd-1 mutant R7s contact the R7 target layer (wild type, n ϭ 5 brains; syd-1 w46 , n ϭ 9 brains; syd-1 CD , n ϭ 10 brains). However, by 55 h APF, 14.9 Ϯ 1.80% (n ϭ 12 brains) of syd-1 w46 and 15.6% Ϯ 2.03% (n ϭ 11 brains) of syd-1 CD R7s no longer do so. The percentages of syd-1 mutant R7 axons with this defect are not significantly different at 72 h APF (syd-1 w46 , 15.0 Ϯ 1.61%, n ϭ 12 brains, p ϭ 0.97; syd-1 CD , 20.7 Ϯ 1.66%, n ϭ 12 brains, p ϭ 0.067), nor does the percentage of syd-1 CD mutant R7s with this defect change significantly between 72 h APF and adulthood [p ϭ 0.39; the difference between the 55 h APF and adult percentages is also insignificant ( p ϭ 0.18)]. However, the percentage of syd-1 w46 mutant R7s with this defect may decrease slightly between 72 h APF and adulthood [p ϭ 0.021; the decrease between the 55 h APF and adult percentages is also marginally significant ( p ϭ 0.032)]. The adult data used are the same as that in Figure 2E and are redisplayed here for ease of comparison. F, The percentages of wild-type and syd-1 mutant R7 axon terminals that have extensions at 24, 55, and 72 h APF and in adult. Error bars represent SEM. At 24 h APF, wild-type and syd-1 mutant R7 axon terminals are indistinguishable (wild type, n ϭ 5 brains; syd-1 w46 , n ϭ 9 brains; syd-1 CD , n ϭ 10 brains). By 55 h APF, a small percentage of wild-type R7s (1.20 Ϯ 0.404%; n ϭ 12 brains) have short extensions beyond their target layer. At this time point, the percentage of syd-1 w46 mutant R7s with extensions (0.528 Ϯ 0.276%; n ϭ 12 brains) is not significantly different from that of wild type ( p ϭ 0.18), and the percentage of syd-1 CD mutant R7s with this defect (0.145 Ϯ 0.15%; n ϭ 11 brains) may be slightly lower than that of wild type ( p ϭ 0.027). By 72 h APF, a significantly greater percentage of syd-1 w46 (13.5 Ϯ 1.87%; n ϭ 12 brains; p Ͻ 0.001) and syd-1 CD (13.6 Ϯ 1.54%; n ϭ 12 brains; p Ͻ 0.0001) mutant R7s have extensions than do wild-type R7s. The percentage of syd-1 w46 mutant R7s with this defect does not change significantly between 72 h APF and adulthood ( p ϭ 0.11). However, the percentage of syd-1 CD mutant R7s with this defect increases significantly during this period ( p Ͻ 0.001). The adult data used are the same as that in Figure 2E and are redisplayed here for ease of comparison. G, Of those syd-1 CD mutant R7 axon terminals that have extensions, the percentages whose extensions project forward, laterally, or both (R7s with both have either a single extension that projects both forward and laterally or two extensions of which one projects forward and the other laterally). Removing adjacent R7s by means of a sev mutation has no significant effect on the orientation of syd-1 CD mutant R7 extensions [in the presence of neighboring R7s, 64.3 Ϯ 3.14% extend forward, 17.3 Ϯ 3.23% extend laterally, and 18.5 Ϯ 2.49% have extensions in both directions (n ϭ 14 brains); in the absence of neighboring R7s, 68.6 Ϯ 4.15% extend forward ( p ϭ 0.42), 18.6 Ϯ 3.56% extend laterally ( p ϭ 0.79), and 12.8 Ϯ 2.71% have extensions in both directions ( p ϭ 0.17); n ϭ 7 sets of data binned from multiple brains (for details, see Materials and Methods)]. 2010). R7s lacking both Liprin-␣ and Liprin-␤ have a combination of the defects caused by loss of either alone: failure of their axons to contact M6 and projection of extensions beyond M6 (Astigarraga et al., 2010) . The similarity of this phenotype to that caused by loss of Syd-1 suggested that, whereas Liprin-␣ acts downstream of Syd-1 to promote contact with M6, Liprin-␤ might in parallel act downstream of Syd-1 to prevent extensions. If so, we would predict that overexpressing Liprin-␤ in individual syd-1 CD mutant R7s would rescue the syd-1 mutant R7 extensions. However, we found that Liprin-␤ overexpression had no effectoneitherthefrequencyofcontactwithM6 or the frequency of extensions (Fig. 6D,E) , suggesting that Syd-1 does not prevent extensions by positively regulating Liprin-␤.
Syd-1 acts upstream of Trio in R7s to both promote contact with M6 and prevent extensions
Trio, a GEF for Rac and Rho, is a key positive regulator of presynaptic development in fly (Ball et al., 2010) . Trio overexpression rescues the R7 defects caused by loss of LAR (Maurel-Zaffran et al., 2001 ) and both the NMJ and R7 defects caused by loss of Liprin-␣ or Liprin-␤ (Astigarraga et al., 2010) , suggesting that Trio acts downstream of these genes. We next tested whether Trio overexpression could also compensate for loss of syd-1. Indeed, using the act promoter to drive trio expression almost completely restores the ability of syd-1 CD mutant R7s to maintain contact with M6 (the defect is reduced by 91%; Fig. 6C,D) and significantly reduces the frequency of extensions (by 35%; Fig.  6C,E) . These results suggest that trio acts downstream of syd-1 during both the early and late phases of R7 terminal development and that, unlike Liprin-␣, trio mediates most or possibly all of the effects of syd-1. If so, then loss of trio should resemble loss of syd-1. However, reducing trio function in R7s using RNAi was previously found only to cause extensions beyond M6 and not to disrupt the ability of R7s to contact M6 (Astigarraga et al., 2010) . To remove trio function more completely from R7s, we created individual homozygous trio mutant R7s. Consistent with trio mediating both the early and late effects of syd-1, we found that trio mutant terminals displayed the same two morphological defects as those of syd-1 mutant R7s: 13.9 Ϯ 2.58% (n ϭ 8 brains) of trio 3 mutant R7s failed to contact the M6 layer (Fig. 7A) , and 15.5 Ϯ 1.94% (n ϭ 8 brains) had extensions beyond M6 (Fig. 7B) . The lower frequencies of the trio defects are likely caused by perdurance of wild-type Trio within trio mutant clones: Trio protein is expressed broadly during eye development and is required early in R neuron development for axon pathfinding (Newsome et al., 2000) .
To further test whether syd-1 and trio might function in the same pathway, we next tested whether syd-1 and trio also have similar gain-of-function effects on R7 terminals. Overexpression of Trio has been shown previously to rescue loss of the LAR receptor phosphatase (Maurel-Zaffran et al., 2001) . If syd-1 promotes R7 terminal development by potentiating trio activity, then we would expect that Syd-1 overexpression should also rescue loss of LAR. Indeed, we found that overexpressing syd-1 or trio in LAR mutant R7s restored contact with the M6 layer to indistinguishable degrees (the defect was reduced by 34% in both cases; Fig. 7C-F) . Together, these results are consistent with a model in which the primary role of syd-1 during both early and late phases of R7 presynaptic development is to promote trio activity.
Discussion

Localization of SVs in R7s
GFP-fused SV proteins, such as Syt-GFP, are classic tools for studying presynaptic development but have not been used previously to analyze R7s. We found that, as expected, Syt-GFP within R7s is enriched at sites known by electron microscopy to contain active zones . Loss of LAR, Liprin-␣, or syd-1 causes R7 terminals to fail to contact their normal, M6, target layer. We demonstrate here that this morphological defect correlates temporally with a failure to localize SVs to presynaptic CD mutant R7 defect (22.3Ϯ1.36%;nϭ21brains)ispartiallyrescuedbyexpressionofLiprin-␣(11.3Ϯ1.33%;nϭ14brains;pϽ0.0001),fullyrescuedby expression of trio (2.04 Ϯ 0.501%; n ϭ 15 brains; p Ͻ 0.0001), and unaffected by expression of Liprin-␤ (20.1 Ϯ 1.21%; n ϭ 13 brains; p ϭ 0.15). The difference between rescue by Liprin-␣ and trio is significant (p Ͻ 0.0001). E, The percentages of syd-1 CD mutant R7 axons that have extensions when overexpressing no transgene, wild-type Liprin-␣, wild-type Liprin-␤, or wild-type trio. Error bars represent SEM.Thissyd-1 CD mutantR7defect(23.7Ϯ1.52%;nϭ21brains)ispartiallyrescuedbyexpressionoftrio(15.5Ϯ1.59%;nϭ15brains; p Ͻ 0.001) but is not rescued by expression of Liprin-␣ (28.4 Ϯ 1.70%; n ϭ 14 brains; p ϭ 0.052) or Liprin-␤ (24.6 Ϯ 2.22%; n ϭ 13 brains; p ϭ 0.38). The difference between rescue by Liprin-␣ and trio is significant (p Ͻ 0.0001).
sites and is therefore likely to reflect a defect in R7 presynaptic development rather than simply in target layer selection.
Liprin-␣ is not only a scaffold for the assembly and retention of presynaptic components, including SVs, at presynaptic sites (for review, see Stryker and Johnson, 2007) but also a positive regulator of Kinesin-3/Unc-104/Imac-dependent axon transport of those components (Shin et al., 2003; Miller et al., 2005; Wagner et al., 2009) . We here show that, unlike Liprin-␣, Syd-1 is not required for normal Kinesin-3/Unc-104/Imac-mediated transport. However, SVs are similarly mislocalized in Liprin-␣ and syd-1 mutant R7 axons that contact M6. A simple interpretation is that this mislocalization reflects a requirement for Liprin-␣ and syd-1 in retaining SVs within R7 terminals; in support of this, we found that SVs are localized normally to syd-1 mutant R7 axon terminals at 24 h APF, before synaptogenesis. We hypothesize that the additional disruption of axon transport in Liprin-␣ mutant R7s is reflected in their greater inability to maintain contact with M6; in support of this, we found that imac mutant R7 axons also lose contact with M6.
Although both Liprin-␣ and syd-1 are required for the clustering of SVs at en passant synapses in worm (Zhen and Jin, 1999; Hallam et al., 2002; Dai et al., 2006; Patel et al., 2006) , syd-1 is not required for the localization of SVs to NMJ terminals in fly (Owald et al., 2010) . The molecular mechanisms underlying presynaptic development at NMJ and in R7s have been shown previously to differ in several respects (Hofmeyer and Treisman, 2009; Astigarraga et al., 2010) . Our finding further highlights the importance of analyzing synapse development using multiple neuron types.
Localization of mitochondria in R7s
Although mitochondria are often enriched at synapses, it remains unclear what proportion of them might be stably associated with presynaptic sites rather than transported there in response to acute energy needs. Within at least some axons, most clusters of stationary mitochondria reside at nonsynaptic sites (Louie et al., 2008) . In R7s, we found that Mito-GFP is enriched at presynaptic sites. Because arthropod photoreceptor neurons continuously release neurotransmitter in response to light (Stuart et al., 2007) , this enrichment might simply be caused by continuous energy needs. However, we found that mitochondria remained enriched at R7 terminals even in the absence of light-evoked activity, indicating that either spontaneous release is sufficient for their recruitment or an activityindependent mechanism is responsible. We speculate that the permanently high energy demands at photoreceptor synapses may have selected for the activityindependent association of mitochondria with R7 synapses and that this localization requires syd-1 and Liprin-␣. We found that Mito-GFP is mislocalized in imac mutant R7s, despite previous work indicating that Kinesin-3/Unc-104/Imac is not required for transport of mitochondria (Pack-Chung et al., 2007; Barkus et al., 2008) . One interpretation is that mitochondria are normally tethered at R7 presynaptic sites and that loss of imac indirectly causes their mislocalization by disrupting transport of the components required for tethering to occur.
Two distinct phenotypes are caused by disrupting presynaptic development in R7s
Previous work identified two different phenotypes associated with loss of the LAR/Liprin/trio pathway: loss of LAR or Liprin-␣ caused R7 axons to terminate before their M6 target layer, whereas loss of Liprin-␤ or trio caused R7 axons to project extensions beyond M6. One possibility is that these two defects are simply different manifestations of the same cellular defect: a decrease in the stability of the synaptic contact between R7s and their targets (Astigarraga et al., 2010) . However, we have shown here that loss of a single gene, syd-1, causes both defects and that the defects occur at distinct developmental time points, suggesting that they occur by distinct mechanisms. In support of this, Liprin-␣ overexpression can rescue the early but not the late syd-1 defect.
The earlier defect, failure to contact M6, correlates with the failure to localize SVs, suggesting, as mentioned above, that this represents a failure to assemble synapses. However, the cause of the later morphological defect and the precise nature of the extensions remain unclear. We note that the extensions often terminate in small varicosities that can contain Syt-GFP (Figs. 1B, 2C ) and Mito-GFP (data not shown), indicating that they are not simply filopodia but may instead represent sites of ectopic presynaptic assembly. One possibility is that, as at NMJ (Owald et al., 2010, 2012) , loss of syd-1 causes ectopic accumulations of Liprin-␣, Brp, Nrx-1, or other presynaptic proteins and that these might then promote ecto- pic, abnormal presynaptic assembly. A second possibility is that the extensions may instead be an indirect consequence of the role of syd-1 in postsynaptic development (Owald et al., 2010 (Owald et al., , 2012 : perhaps the extensions are the response of the syd-1 mutant R7 terminal to defects in its postsynaptic target. Loss of Liprin-␣ causes no such postsynaptic effect, providing an explanation for why Liprin-␣ mutant R7s do not form extensions. A third possibility is that R7s form distinct types of synapses at different time points. Failure to assemble one type of synapse, which R7s assemble first, causes decreased contact with M6, whereas failure to assemble a second type, which occur later, results in extensions. Consistent with this model, R7s form synapses with more than one neuron type Morante and Desplan, 2008; .
The relationship between syd-1 and Liprin-␣ Loss of syd-1 has a significantly weaker effect on fly NMJ development than does loss of Liprin-␣ (Owald et al., 2010) . Likewise, here we show that the early phase of R7 terminal development, during which presynaptic components are localized, is less affected by loss of syd-1 than by loss of Liprin-␣. We identify a possible explanation for this difference: loss of Liprin-␣, but not of syd-1, significantly decreases Kinesin-3/ Unc-104/Imac-mediated axon transport, and Kinesin-3/Unc-104/Imac is required for R7s to form boutons in M6.
In both worm and fly, Syd-1 is required for the normal localization of Liprin-␣ and Brp/ELKS to presynaptic sites (Dai et al., 2006; Patel et al., 2006; Patel and Shen, 2009; Owald et al., 2010) . In worm, loss of syd-1 can be rescued either by overexpressing full-length wildtype Liprin-␣ (Dai et al., 2006; Patel et al., 2006) , or by overexpressing a domain of Liprin-␣ that promotes oligomerization of Liprin-␣ proteins (Taru and Jin, 2011), or by a mutation that enhances the ability of Liprin-␣ to bind Brp/ELKS (Dai et al., 2006) . These results suggest that the primary function of Syd-1 is to potentiate Liprin-␣ activities. However, we found that Liprin-␣ overexpression only partially rescues the early defect that syd-1 mutant R7s have in assembling synapses. This suggests that, as in worm, Liprin-␣ can act partly independently of Syd-1 during presynaptic assembly but that, unlike in worm, Syd-1 also has some Liprin-␣-independent function. In contrast, Liprin-␣ overexpression does not at all rescue the late extensions caused by loss of syd-1. As we speculate above, one possibility is that these extensions might be caused by mislocalized Liprin-␣, Brp, or Nrx-1.
The relationship between syd-1 and trio Unlike Liprin-␣, Trio overexpression fully rescues the early and partly rescues the late defect caused by loss of syd-1, suggesting that Syd-1 promotes R7 synaptic terminal development primarily by potentiating Trio activity. Consistent with this model, loss of trio phenocopies loss of syd-1 from R7s, and overexpressing Syd-1 or Trio bypasses the need for LAR to similar degrees. At fly NMJ, Trio promotes presynaptic development by acting as a GEF for Rac1 (Ball et al., 2010) . Syd-1 has a RhoGAP domain, albeit one that has not been shown to interact with GTPases (Hallam et al., 2002) . Syd-1 may act distantly upstream of Trio. However, it is also possible that Syd-1 might instead regulate one or more small GTPases in parallel with Trio. GAPs and GEFs have opposite effects on GTPases, but loss of trio or syd-1 causes similar defects at both NMJ and in R7s. One possibility, therefore, is that Syd-1 acts as a GAP not for Rac1 but for Rho, which often functions in opposition to Rac (Guilluy et al., 2011) . Alternatively, Syd-1 might act as an atypical GAP for Rac1-perhaps lacking GAP activity but able to bind and protect Rac1-GTP from conventional GAPs-or Syd-1 might yet act as a conventional GAP for Rac1 if it is the rate of cycling between GDP-and GTP-bound states of Rac1 (rather than simply the amount of the GTPase that is in the "active," GTP-bound, state) that promotes presynaptic development.
